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TECHNICAL NOTE

Errors in Measurement of +Gz
Acceleration Tolerance

DAVID A. LUDWIG, Ph.D., and LARRY P. KROCK, Ph.D.

.LUDWIG DA, KROCK LP. Errors in measurement of +G: acceh'r- ponent of tolerance, the findings may have application
ation tolerance. Aviat. Space Environ. Med. 1991 62:261-5. to the duration component as well.]

Most accleration studies estimate a subject's G-level tolerance The recorded G-tolerance obtained from a single test
by taking only one determination (test) for a given condition.
The purpose of this study was to examine the error structure and is only an estimate of that individual's true G-tolerance.
reliability of an individual's acceleration tolerance and to pro- This number, in addition to the "true" G-tolerance,
vide design considerations for future experimentation. A hier- contains one or more sources of inconsistencies or er-
archical (nested) design was used to estimate the sources of vari- rors. The purpose of a well conceived experimental de-
ation in measuring G-level tolerance. Six males rode relaxed in
the USAF School of Aerospace Medicine human-use centrifuge sign is to make certain that the recorded measurement
and were exposed to a 0.1 G/s onset rate profile until greyout. of G-tolerance is as accurate as possible. Subject-
Each subject was tested on three randomly selected days with to-subject, measurement, and within-subject (biologi-
three repeated determinations within a day. This design allowed cal) variation are frequently encountered sources of er-
for an estimate of both day-to-day and measurement error accelerati
within a testing session. A single +Gz tolerance determination ror in on research.
was found to be moderately unreliable (reliability coefficient = Between-subject response differences are well
0.74). Under the best of circumstances a subject's G-level toler- known. This source of variation is accounted for in most
ance cannot be estimated with any more accuracy than about studies by using within-subject designs. [Within-subject
±0.3 G with 95% confidence. This degree of accuracy can only be designs refer to experiments where subjects are crossed
obtained with multiple measurements. with treatments (each subject receives every treatment)

as opposed to between-subject designs where subjects
A EROSPACE physiologists and engineers have en- are nested within treatments (each subject receives only

deavored for some time to counter the effects of one treatment).] Further, due in part to the physical
+ G, acceleration by suggesting maneuvers or designing demands of exposure to increased levels of acceleration

dcvices that function to maintain adequate perfusion of and to the moderately strict medical requirements, hu-
the brain. To test the effectiveness of a proposed coun- man-use acceleration research is limited to small groups

* termeasure, the maneuver or device is compared to ,i of healthy volunteers. The experimenter must therefore
established standard. Results of such comparison., control error variance by design rather than by sample
often based on the +G tolerance of human subjects. size.
[Acceleration stress tolerance can be divided into two Measurement error, inaccuracies in the technique of
components: a level component, or the momentary at- measuring a response, can add considerably to total
tainment of a peak magnitude of stress (e.g., + 8.7 G,), variation. Acceleration researchers have tried to control
and duration component, or how long a specified lev- this source of error by standardizing centrifuge perfor-
el(s) of stress can be endured (i.e., time at G). Although mance characteristics and by improving upon the valid-
the present study is concerned with the peak level com- ity of methods for determining the tolerance endpoint

(1,2,7,8,10). Subjective end points have been a source
From the University of North Carolina, Department of Mathemat- of controversy in acceleration research for some time,

ics and Statistics, Greensboro, NC (D. A. Ludwig) and the USAF and will probably remain so in the future. Several meth-
School of Aerospace Medicine, Crew Technology Division, Brooks ods to improve the reliability of subjective end point
AFB, TX (L. P. Krock). measurement have been proposed (5,10,11,17) and nu-

This manuscript was received for review in July 1990. The revised merous objective G-to!-"rnci- msurement techni4ues
manuscript was ccepted f,"r publictin in Au,.gusl IQ%. have been offered as alternatives to subjective criteria

Address reprint requests to: La''y P Krock. Ph.D., Crew Tech-
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Aerospace Medicine (AFSC), Brooks AFB, TX 78235-5301. Surprisingly, given the large investment in attempting
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to improve the measurement device, acceleration re-
search has focused very little attention upon controlling
within-subject variability. Only three studies have at-
tempted to address this issue. Glaister and Hall (12)
discussed the possibility of diurnal variation in human
tolerance to sustained + G,. Whinnery and Jackson (19)
described the variance of rider response to a specific
medical evaluation protocol and Stauffer (18) consid- -------
ered individual tolerance tluctua~ions over differing G-2
induced symptomatic states.

If researchers are concerned with improving the ac-
curacy of determining an individual's acceleration tol- (4)
erance, it is important for them to realize that various
types of errors are components of every observed
value. A better understanding of the contribution of
these error components is only possible when they are Fig. 1. Subject operating the USAFSAM high-resolution visual
simultaneously evaluated within at single sample. field limit tracker in the horizontal mode. 1) Light bar containing

The purpose of this study was to examine the error 121 equally spaced lamps in 120* arc. 2) Central red light for
I " fixating gaze. 3) Centrally moving white lights (50*/sec). 4) Sub-

tur riO reliabilitv t" ,,ividual',, acceleration ject's direction-reversing response switch. (Permission to repro-
tolerance and to provide design considerations for fu- duce this illustration was obtained from Gillingham and Mc-ture experimentation. Naughton (11 ).)

METHODS AND MATERIAI.S
.Sl'uict.: Si\ males fron the Brooks Air Force Base ployed to identify the sources of variation in the mea-

psurement of +G, tolerance. A graphic illustration ofAgel ranged lrom 2 toI t d fc th n , pcrac ofm25.8 what is being estimated is given in Fig. 2. The average
Aer r t +G, tolerance of the given population is an unknown

year,,. All sthJiect, \.ere in good health and kcrc expe- value (U) that would be realized if every subject within
rienced certhrice rIt'gSn that population could be tested. The average difference

(cntrtfUL..' pr,)o [kI iitc (i1rd the centrifuge in ofean upright '! h,:katil Net! ;ithot G-trouscrLs and each subject's observed value (Y) from U would bexanre iuted t e a' .{thoua oss- n used to calculate the error in estimating U (Et). This
total error is composed of three parts: subject-to-subject

tron"ograph\ of the qtiadrm cp, and the gastrocnemius error (E,), time-to-time (i.e., day-to-day) error (Ed)
muscles pro ,idcd a method Ioi the r11cstigators to mon- within a subject, and measurement error (Em) within a
itor muscle icn,,ion ,and remind the ,uh,1cc.ts to remain wihnasbetadmauretero(E)ihnairlaxe Onsionn r em id the su t to rgiven period of time for any particular subject. Although
relaxed. O)nset rate \,a,, ,el t I ). I (* give

Subjects rode the until they xprienced the accuracy of the estimation of U is important, moreeither I0C peripheral or central visual iend loss, important to researchers conducting acceleration exper-
t eiments is the estimation of a single subject's + G, toler-Although lubject,, terminated each run based upon a ance (S). Two sources of error, day-to-day and mea-s ubjective evaluation of their visual field loss, an objec- surement, contribute to the variation of an individual

tive record was obtained by way of a subject-controlled
high-resolution visual field limit tracker (Fig. I). This tolerance. Similarly, tolerance for any given subject ondevice consists ofa curvilinear array of 120 white lights any given day is only affected by error within the mea-
located at ni increments around a 76-cm radius. Fixating surement process.

on a central red light, subjects "balanced" the white If the squared errors are summed and averaged theybecome variances. The hierarchical design allows for
lights on the edge of their visual field by triggering a teesm e variances vhe nalysis of
micro-switch on the gondola joystick. Following each the estimation of these variances via the analysis of

run, the objective record was used to verify the subjec-
tive endpoint. A more complete description of the ap-
paratus as it was used in this study may be found in an
article by Gillingham and McNaughton (1i). A similar --
apparatus is described by Cammarota (5).

Each subject was tested in the morning on three dif- E
ferent days within a 10-week period. A minimum inter- ESU
val of at least I d between tests was provided. On each
of the 3 d, three measurcments (tests) were taken. A
15-min rest interval was given between tests. A small
pilot study indicated that this rest period was sufficient
to eliminate -,.1 -r effe-!, ,,itlin tI-.c testing session.
ileait rate was used to verify that the subject had re-
turned to base line levels. Once the subject had termi- Fig. 2. Decomposition of the total error in estimating +G, tol-
nated the test. the maximum +G, value was recorded erance. Y = observed value, U = population mean +Gx toler-

ance, Is = subject-to-subject error, Ed = day-to-day error within
for use in the statistical analysis. a subject, Em = measured errors within a day and subject, Et = Es

Statistics: A hierarchical (nested) design was em- + Ed + Em = Y - U. In terms of variance, o's2 n,2 6 + U42d + O'ym.
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variance. Once these variance components are esti- standard error around the mean of these four observa-
mated they ,,tn be used to determine the degree of at- tions would be -_0.25 G and the approximate width of
tention each source of error should be given in order to the corresponding 95% confidence interval would be
achieve a reliable estimate of +-G tolerance. A more -_0.5 G. It could then be concluded with 95% confi-
detailed description of this statistical method is given by dence that a subject's -true" + G, tolerance value was
Box. Hunter, and Hunter 14). within ±_0.5 G of the estimated value.

Table 11 provides standard errors for several combi-
RESULTS nations of days and tests. Three aspects of this table are

The results of the analysis of variance and variance especially worth noting. First, the standard errors de-
crease at a faster rate when days are increased rathercomponent estimation are presented in Table 1. The than tests, sin.e more within-subject variation can be

large variance component associated with subject- attributed to day-to-day variation than to measurement
to-subJect differences is not surprising and is to be ex- error Second. it is not possible to reach an adequate
pected. given the wide diversity between humans. Dif- degree of precision (±0.5 G. 95% confidence interval)
ferences betAecn subjects accounted for 74"4 of the when a subject is evaluated on a single day, regardless
total observed variation in CG, tolerance. Day-to-day of the number of tests run within that day. And, third,
variation represented 16".i, and measurement error ac- the cost of added precision above ±0.3 G is not practi-
counted for the remaining 10%. Since reliability is de- cal for most experimental situations.
fined as the ratio of true score variance to observed
,,core variance, an estimate of the reliability of a single change in the reliabitily of a single test when one ac-
determination can be obtained by the ratio of the sub- change in the rao yity o glres n
ject's variance component to the total variance compo- error. When day-to-day variation is removed, the reli-
nent. The result is a reliability coefficient of 0.74, which errof When tst inc re o the redis enerllvconiderd uaccptale b th scentfic ability of a single test increases to 0.88 as compared
i generally considered unacceptable by the scientific with a reliability coefficient of 0.82 when measurement
communit.error is removed. The reliabilities calculated above rep-
tion and measurement error (test-to-test variation)
should be considered w hen determininga subject's + G, resent optimistic projections. since any sourcc of error

tolerance. Variance components, in and of themselves, can never be completely eliminated.

provide minimal information except in the form of rel- DISCUSSION
ative magnitude. Their utility is in the estimation of pre-
cision. The standard error of a subject's + G, tolerance Given its high standard error and low reliability. re-
is given by the formula: searchers should be cautioned against using only one

determination of a subject's +G, tolerance. When a
rm- 2(Td 2

im of d)( ofte s per d) (of d) TABLE It. STANDARD ERRORS FOR DIFFERENT

U sing the variance component estimates from Table I COMBINATIONS OF DAYS AND TESTS.*

in the above formula, the variation around a single de- D A Y S
termination is ztO.39 G (d = I, tests = 1). An approx-
imate 95%; confidence interval (2 S.E.) would place the 1 2 3 4 5 6
accuracy of this single test at _+0.78 G. The width of this
interval is over 1.5 G. which is probably unacceptable 1 .39 .28 : .23 .22 .18 .16
for most scientific and clinical applications.

The standard error of a subject's + G, tolerance can T r - -- r
be reduced by increasing the number of days on which 2 .36 .25 .21 .18 .16 : .15
a subject is evaluated and/or increasing the number of E I -
tests run within a particular day. The number of days 3 .34 1 .24 .20 .17 .15 .14
and the number of tests can be substituted into the for- I
mula and an estimate of precision can be obtained S
mou,d ..2 .men of these multiple observations. For 4 .34 .24 .1) .17 .15 .14
example, if a subject wa, ma:sured on two separate T
days and two tests were run on each of these days. the 5 .33 .23 .19 .17 .15 .14

S
T..BLE I. HIERARCHICAL. ANALYSIS OF VARIANCE AND 6 .33 : .23 .18 .16 .15 .13

VARIANCF COMPONENT ESTIMATIONS.

Source ot
variation df MS ,&2 Estimation of at Estimation of at

Subject 5 4.496 0.46
DaysSubject 12 0359 (. least ±0.3 G with least ±0.3 G with
tests, Day~ ,. Sub~ject 36 0.056 0.06fstaiqsrect 130.056 0.6 95% confidence 95% confidenceIotal (corrected) S1! 0.62

Note: "," represents "nesting": i.e.. days within subjects. Refers to tests within days.
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single measurement is used, an estimated 26% of what is trousers yielded a difference of 0.4 G when five subjects
observed is not associated with the "true" + G, toler- were tested in a within-subjects design (relaxed, G valve
ance of the individual. Control of this error variance active). If a statistical hypothesis test had been per-
which arises from biological variation and measureiment formed to test for population differences (alpha = 0.05),
error is of primary concern when a clinical evaluation of a non-significant statistical difference would have been
a subject's t-tolerance is needed. This added variance found (t = 2.51, df = 4, p = 0.066). This would have
may also hinder attempts at experimental comparisons then indicated that the sample size was not sufficient to
when G tolerance is used as the dependent variable. In place an adequate degree of confidence in the observed
addition, high subject-to-subject variability and the 0.4-G difference. This probably would not have been
small number of subjects historically associated with the case if subjects were tested twice for each G-trouser
acceleration research necessitate the use of within- condition and the subjects' mean values across these
subject designs which must rely primarily on multiple two tests used in the statistical analysis. This is not to
determinations to increase their efficiency. say that the differences ob'served by Krutz, et al., are

Researchers should not be overly concerned with re- not real, only that if statistical significance tests had
ducing measurement error as a method of increasing the been used, a sample size of five would have been inad-
reliability and precision of a single G tolerance value, equate since only one determination of G-tolerance was
since 63% of the error in estimating a subject's + G, taken. Although multiple determinations per subject per
tolerance can be attributed to day-to-day variation. This treatment condition require more testing, the additional
is not to say that measurement error should be ignored, effort is certainly more favorable than wrongly conclud-
but suggests that the control of day-to-day variation ing that a particular treatment was ineffective.
would be a more efficient approach. Under the very Any statistical estimate is subject to error. The
best of circumstances, a subject's G-tolerance cannot variance components determined from this study are no
be estimated with any more accuracy than about -0.3 G exception. The small sample size of six subjects is cer-
with 95% confidence. This degree of accuracy can only tainly a limitation. As with any study, the present re-
be obtaiied with multiple measurements. How and suits are specific to the methodologies employed. The
when these measurements are taken must be based on rate of onset, seat configuration, and subject state (re-
cost, time, and the experimental situation. The results laxed) are all aspects that could possibly change the
of this study suggest that when all else is equal, addi- error structure of an observed +G, tolerance. How-
tional measurement over several days is preferable to ever, studies using much larger samples, different types
additional tests within a day. of subjects, and different onset rates do provide esti-

It is certainly possible that the day-to-day component mates of subject-to-subject variability and total within-
can be further partitioned into time of day variation subject variability that are comparable with the present
(a.m. vs. p.m.). Further research will be needed and investigation (6,19). This provides, at least circumstan-
should be undertaken to address this issue. Studies con- tially, evidence that the results of this study may be
cerned with the causes of daily variation in G tolerance extended to apply to a number of different situations.
also seem warranted since many of the suggested fac- This investigation was undertaken not only to gain
tors (illness, fatigue, etc.) affecting day-to-day G- additional information on how humans respond to +G
tolerances are described only anecdotally (3,9,18). Until acceleration, but also to provide information that re-
more information is available on day-to-day changes in searchers can use to design more efficient acceleration
G tolerance, researchers will be well advised to con- experiments. The results are presented as guidelines;
sider day-to-day subject variation as an important subsequent implications must be considered in light of
source of error. the experimental situation. Given the small number of

Although measurement error was the smallest source acceleration laboratories, the small number of subjects
of variation in this study, reducing it should not be over- willing to volunteer for such experiments, and the de-
looked as a means of increasing accuracy. Measurement creasing benefits of additional anti-G devices and ma-
error was probably underestimated in the present study neuvers as human subjects reach the limits of their
because all subjects were trained and familiar with the physiological capabilities, investigators must be in-
physiological sensations associated with the subjective creasingly aware that the odds of uncovering true ex-
end point. If untrained subjects had been used, the mea- perimental differences are stacked against them. Given
surement error component would have probably been this situation, the time it takes to refute published find-
larger. Therefore, when naive subjects are used, objec- ings resulting from inadequate designs is far greater than
tive endpoints would be preferred over subjective mea- for most other areas of aerospace research.
stlrerpnt. The re'ults ,;uggest that, in well-trained sub-
jects, subjective endpoint techniques can be regarded as ACKNOWLEDGMENTS
valid experimental procedur",. Th, 'mthors pratefiillv icknGwiedge 1he -ir'porn -.i. acltfl disLu,-
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